Background and Purpose-It has been recently shown that a single session of repetitive transcranial magnetic stimulation (rTMS) of the unaffected hemisphere can improve motor function in stroke patients; however, this improvement is short-lasting. We therefore conducted a randomized, sham-controlled, phase II trial to evaluate whether five sessions of low-frequency rTMS can increase the magnitude and duration of these effects and whether this approach is safe. Methods-Fifteen patients with chronic stroke were randomized to receive active or sham rTMS of the unaffected hemisphere. A blinded rater assessed motor function and corticospinal excitability at baseline, during and after 2 weeks of treatment. Safety was assessed using a neuropsychologic battery and electroencephalogram. Results-Active rTMS resulted in a significant improvement of the motor function performance in the affected hand that lasted for 2 weeks. These effects were not observed in the sham rTMS group (affected and unaffected hand) and in the unaffected hand in the active rTMS group. Corticospinal excitability decreased in the stimulated, unaffected hemisphere and increased in the affected hemisphere. There was a significant correlation between motor function improvement and corticospinal excitability change in the affected hemisphere. Cognitive performance and electroencephalogram were not changed significantly throughout the trial in both groups of treatment. Conclusions-These results support and extend the findings of previous studies on rTMS in stroke patients because five consecutive sessions of rTMS increased the magnitude and duration of the motor effects. Furthermore, this increased dose of rTMS is not associated with cognitive adverse effects and/or epileptogenic activity. (Stroke. 2006;37:2115-2122.)
A Sham-Controlled Trial of a 5-Day Course of Repetitive Transcranial Magnetic Stimulation of the Unaffected Hemisphere in Stroke Patients
A fter stroke, the brain undergoes plastic changes involving areas beyond the site of lesion in an attempt to recover function. 1 Recent evidence suggests that the results of some of these changes, however, may not be beneficial, but rather maladaptive. After stroke, the interhemispheric inhibitory drive from the unaffected to the affected hemisphere is increased and might be an important causal factor for the motor function impairment. 1 The recent development of the techniques of noninvasive brain stimulation has provided a new alternative to modulate this imbalanced activity between motor cortices. Two techniques of noninvasive brain stimulation, repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS), have been used to improve motor function. For instance, motor cortex stimulation with either excitability-diminishing lowfrequency rTMS 2, 3 or cathodal tDCS 4 of the unaffected hemisphere and with either excitability-enhancing high-frequency rTMS 5 or anodal tDCS 4, 6 of the affected hemisphere are associated with motor function improvement.
Although these studies represent an important contribution to the development of novel, neurorehabilitative strategies for stroke recovery; they, with the exception of one study, applied rTMS for only one session and showed short-lasting effects. It has been shown that the magnitude and duration of the clinical effects of rTMS depend on the number of rTMS sessions. 7 Although in Khedr's study, 5 the effects of several rTMS sessions were investigated, these authors used high-frequency rTMS over the lesioned cortex that raises safety concerns-increased risk of seizures and methodological difficulties-the electrical field can be modified in magnitude, location, and orientation by the anatomic changes after a stroke. 8 Therefore, we aimed to study the efficacy and safety of repeated, consecutive sessions of low-frequency rTMS of the unaffected hemisphere on motor function in chronic stroke patients.
Methods

Subjects
We studied 15 patients (11 men and 4 women) aged 38 to 75 years (mean, 56Ϯ11.5 years) at least 1 year after stroke. The diagnosis was made by clinical features and confirmed by neuroimaging studies. Patients were regarded as suitable to participate if they fulfilled the following criteria: (1) single ischemic stroke with more than 1 year of duration; and (2) mild to moderate motor deficit. Although not planned, most of our patients had left-sided (12 of 15) and subcortical (13 of 15) strokes. We excluded patients with any clinically significant or unstable medical disorder, with a history of substance abuse, any neuropsychiatric comorbidity other than stroke, and contraindications to rTMS. Written informed consent was obtained from all participants before inclusion in the study, which was approved by the local ethics committee.
Experimental Design
This study was a longitudinal, randomized, parallel-design, shamcontrolled, phase II trial that had four phases: (1) randomization, (2) training and baseline evaluation, (3) treatment, and (4) follow-up evaluation after 2 weeks of study completion.
Initially, patients were randomized in a 1:2 ratio to receive sham or active rTMS, respectively. This randomization strategy (1:2) reflects conventional strategy in randomized phase II trials (which are often quite small) because it can offer additional information regarding the active treatment. 9 Although this strategy decreases the power of the study (because less information from the sham group is provided), we accounted for this decrease of power in our sample size calculation.
Measurement of Corticospinal Excitability: Motor Threshold Assessment
The resting motor threshold (MT) of the first dorsal interosseous (FDI) in the affected and unaffected hemisphere was measured using the published guidelines. 10 As we have pointed out in prior work, 8 in stroke patients, a comparison of MT between hemispheres is not valid; however, here we analyzed each hemisphere's MT levels individually pre-and posttreatment. Measurements were performed on day 1 (baseline), 2, 3, 4, and 5 for the unaffected hemisphere and on day 1 (baseline), and 5 (last day of treatment) for the affected hemisphere. The measurement schedule was different in the affected and unaffected hemisphere because the measurements of day 1 and 5 (in both hemispheres) were to investigate changes in the corticospinal excitability and the daily measurements in the unaffected hemisphere were to adjust the stimulation intensity.
Repetitive Transcranial Magnetic Stimulation
Participants received five sessions of rTMS to the unaffected hemisphere over the primary motor cortex-corresponding to the "hot spot" for the stimulation of the FDI cortical area representation as defined during the MT determination-with the following parameters: intensity of 100% MT, frequency of 1 Hz, 1200 stimuli as a single, continuous train lasting 20 minutes. For the repetitive and also single-pulse TMS, we used a figure-of-eight coil and the magnetic stimulus had a biphasic waveform. All the treatments were administered by only one investigator who was not involved in the motor function, cognitive, and corticospinal excitability assessment. For the sham stimulation, we placed the coil at the same place that was used for the motor cortex stimulation and used the same stimulation parameters; however, a sham coil was used.
Evaluations
For the motor function evaluation, we used the Jebsen-Taylor Hand Function Test (JTT), simple reaction time (sRT), choice reaction time (cRT), and Purdue Pegboard test (PTT). These tests have been shown to be a reliable instrument of motor function evaluation in our previous investigations. 2, 4 All evaluations were performed by a blinded rater at baseline daily during the treatment period (before and after rTMS sessions) and in the follow up, except for the JTT that was performed at the baseline, day 5, and follow up. Subjects were instructed to practice until they reach a stable plateau as defined by less then 10% change in the last two trials for the cRT, sRT, and PTT. For JTT, subjects performed this test five times and this indeed showed to be sufficient to reach a stable performance plateau as shown in the "Results" section. After the training session, there was a rest period of 2 hours before the baseline measurement.
Cognitive Function and Safety
We performed a neuropsychologic battery of tests to detect changes in cognition after this treatment that consisted of the following tests: Mini-Mental State Examination (general cognitive test), Stroop test (colors, words, and interference)-to test selective attention and interference susceptibility, digit span forward and backward-to test attention, information storage, working memory, and reversing operations.
Furthermore, although we used low-frequency rTMS, we monitored brain activity with an online electroencephalogram (EEG) system (Eldith GmbH) to detect subclinical seizure activity. We used a standard 12-channel EEG. EEG signals were filtered at a sampling frequency of 2048 Hz and monitored online by specially developed software (NeuroPrax; Eldith). The reference electrode was placed at the right mastoid and the ground at the left mastoid and the active electrodes were placed at: Cz-C3-C4-P3-P4-F3-F4-T3-T4. Furthermore, patients were observed by a trained neurologist during the stimulation and for 2 hours after treatment.
Statistical Analysis
Analyses were done with SAS statistical software (version 9.1). We used a mixed linear model to analyze motor function changes. The advantage of linear models rather than analysis of variance is that time can be analyzed as a continuous (rather than categorical) variable. We modeled motor performance change (as indexed by JTT, sRT, cRT, PPT) using the covariates of time, group, and interaction between treatment and time. Because in a longitudinal data, the variability of within-individual differences is always smaller than the variability of the between-individual differences, the covariance of the repeated measures within each patient was also modeled. Using the test of the difference in the Ϫ2 log likelihood to compare models with different covariance matrices, we chose the compound symmetry matrix.
For the cognitive and corticospinal excitability assessment, we used a repeated-measures analysis of variance in which the dependent variable was the performance in the cognitive tests (MiniMental Status Examination [MMSE], DSF, DSB, and Stroop test) or MT and the independent variables were: group (sham and active rTMS), time of treatment (baseline, day 5, and follow up) and interaction treatment * time. When appropriate, post hoc comparisons were performed using Bonferroni correction.
Using Pearson correlation test, we tested whether there was a correlation between motor improvement after active rTMS with poststroke duration, degree of motor impairment (as indexed by the MRC), and cortical excitability changes (as indexed by motor threshold change).
There were no dropouts and the few missing data were considered missing at random. Statistical significance refers to a two-tailed probability value Ͻ0.05.
Results
Patients tolerated the treatment well. The Table shows the demographic and clinical characteristics of these patients at baseline. There were no significant differences between these two groups of treatment.
Motor Improvement: Comparison of Unaffected Versus Affected Hand and Sham Versus Active Repetitive Transcranial Magnetic Stimulation
We initially compared whether the slopes (motor function performance versus time) were different across the four groups (affected hand in the active rTMS group [affected active], . The slope for the affected active was highly significant (PϽ0.0001) and showed a coefficient of Ϫ70.98 ms, suggesting that there was a mean decrease in reaction time of 70.94 ms after each session of rTMS. This model also revealed a significant interaction term Ϫ time * treatment (F [3, 26] ϭ 7.31; Pϭ0.001).
We repeated the same analysis including the cRT as the dependent variable and we obtained similar results ( Figure 1B , details in supplemental Table I , available online at http:// stroke.ahajournals.org). Although the Figure 1C suggests a similar pattern for the PTT performance, similar analysis failed to show that the slope of the affected active was different from the other slopes. The relatively small magnitude of the improvement in this test (ceiling effect) in comparison with reaction time tasks might have contributed for this lack of significance. We then explored the results from the affected hand only, comparing sham versus active stimulation.
Motor Improvement-Analysis of Affected Hand Only: Comparison Sham Versus Active Repetitive Transcranial Magnetic Stimulation
We performed a linear, repeated-measures model in which the dependent variable was motor function change (as indexed by sRT, cRT, and PTT) and the covariates were group (affected sham and affected active), time, and interaction term (time*treatment). Using profile analysis (treating time as categorical), the main effect of group (sRT model) was not significant (F 1,13 ϭ1.13, Pϭ0.31), but there was a significant effect of time (F 5,65 ϭ8.86, PϽ0.0001) and the interaction time*group (F 5,65 ϭ5.71, Pϭ0.0002). Motor performance change (comparison between baseline and poststimulation), for the affected active, was significant for all the time points (day 2 versus baseline, Pϭ0.031; day 3 versus baseline, Pϭ0.026; day 4 versus baseline, PϽ0.0001; day 5 versus baseline, PϽ0.0001; follow up versus baseline, PϽ0.0001).
We compared the parametric model-using time as a linear trend-with the nonparametric model-using time as a categorical variable. Using the difference in the Ϫ2 log likelihood, we showed that these models were not significantly different, and therefore the nested model (using time as a continuous variable Ϫ linear trend) is adequate to explain our data.
We performed the same analysis for the cRT and PPT models and obtained similar results: a significant effect of time and interaction time*group. In addition, both of these models were 
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satisfactorily explained by linear, parametric models (see supplemental Table I for details).
Motor Improvement: Jebsen-Taylor Hand Function Test
Given three time points (baseline, day 5, and follow up) for the JTT, the repeated-measures mixed model showed a significant interaction term time*group (F 5,65 ϭ5.83, Pϭ0.0081). The comparison of the motor function for the active group between baseline and day 5 (beta coefficientϭϪ34.1 seconds) was significant (Pϭ0.0024) and there was a trend toward a significant difference between baseline and follow up (beta coefficientϭϪ14.6 seconds, Pϭ0.09) (Figure 2A) . Furthermore, the comparison of the area under the curve between the two groups (normalizing baseline values) revealed a significant mean difference between groups of 14.9% (Pϭ0.007). Figure 2B showed that patients reached a plateau after the second session of training. The comparison of the third, fourth, and fifth practice sessions showed no significant difference in the motor performance.
Corticospinal Excitability: Motor Threshold Assessment
A repeated-measures analysis of variance in which the motor threshold in the unaffected hemisphere was the dependent variable showed a significant effect of group (active versus sham rTMS; F 1,65 ϭ22.7, PϽ0.0001), time (day 1, 2, 3, 4, and 5; F 4,65 ϭ238.9, PϽ0.0001), and interaction term time*group (F 4,65 ϭ2.7, Pϭ0.037). In the active rTMS group, compared with baseline, there was a trend toward a significant increase in the MT (indicating a decrease in the corticospinal excitability) on days 2 and 3 (Pϭ0.07 and Pϭ0.08, respectively), and this increase was significant on days 4 and 5 (Pϭ0.005 and Pϭ0.03, respectively). For the sham rTMS group, these comparisons were not significant ( Figure 3A) .
In the affected hemisphere, there was a significant difference in the MT change (baseline versus day 5) between the two treatment groups (F 4,65 ϭ2.7, Pϭ0.037) . For the active rTMS group, there was a significant decrease in the motor threshold by 13.5% (95% confidence interval [CI], 6.3 to 20.4%), indicating a significant increase in the corticospinal excitability. For the sham rTMS group, the change in the motor threshold (increase by 1.6%) was not significant (95% CI, Ϫ8.9 to 12.1%) ( Figure 3B ).
Safety Assessment: Cognitive Function and Electroencephalogram Analysis
For the MMSE, a repeated-measures analysis of variance showed no significant main effect of time, group of treatment, and interaction term time*group (FϽ1 for the three analyses). Performing a similar analysis, we obtained analogous results for Stroop (colors, words, and interference) and Digit Span (forward and backward): no significant effect of time, group, or interaction time*group. Therefore, the results of MMSE and neuropsychologic tests performance suggest that both treatments (active and sham rTMS) were not associated with cognitive changes (see supplemental Table II for details, available online at http://stroke.ahajournals.org).
There were few adverse events. In the active group, one patient reported a mild headache (contralateral to the side of TMS application) and one patient reported an increase in anxiety. In the sham rTMS group, one patient reported an increase in the tiredness and one patient reported a mild headache.
Finally, there was no abnormal behavior during or after the stimulation that could have suggested a complex partial or secondarily generalized seizures as observed by a licensed neurologist. The EEG analysis disclosed no ictal activity, epileptiform discharges, or changes when comparing the preto the post-EEG.
Correlations
The correlation analysis showed a significant correlation between motor function improvement (as indexed by JTT test) and corticospinal excitability change in the affected hemisphere (rϭϪ0.69, Pϭ0.027) (Figure 4A ), and motor function improvement and baseline motor strength (rϭ0.74, Pϭ0.015) (Figure 4B ), suggesting that patients with milder motor deficits and with greater corticospinal excitability increase in the affected hemisphere had the larger motor improvement. There was a trend for a significant correlation between motor function improvement and scores in the Ashworth scale for spasticity (rϭϪ0.56, Pϭ0.087). Finally, there was no correlation between motor function improvement versus stroke duration and versus age.
Discussion
Our results show that motor function improvement after rTMS treatment is specific to the treatment (active versus sham rTMS) and hand (affected versus unaffected), increases over time during the treatment period, and is long-lasting (lasted for 2 weeks after the completion of the treatment). This study was based on the hypothesis that the inhibition of the activity of the unaffected hemisphere would result in a decrease in the transcallosal inhibition to the affected hemisphere and an increase in the excitability of this hemisphere that ultimately would translate into a motor function improvement. For such mechanism be valid, some facts must support it such as (1) the activity in the unaffected hemisphere is increased and associated with poor recovery in stroke 11 ; (2) such increased activity results in an increased transcallosal inhibition from the unaffected to the affected hemisphere 1 ; (3) 1 Hz rTMS decreases transcallosal inhibition to the contralateral hemisphere 12 ; and (4) a decrease in transcallosal inhibition improves the motor function in the hand ipsilateral to the stimulation site in healthy subjects. 13 If the improvement observed in our study is consequence of the decrease in the transcallosal inhibition to the affected hemisphere, one can conceptualize that direct stimulation of the affected hemisphere would yield a similar effect. In fact, either excitability-enhancing anodal tDCS 4, 6 or high-frequency rTMS 5 of the affected hemisphere result in motor function improvement. In addition, we showed that inhibitory low-frequency rTMS decreased corticospinal excitability in the stimulated (unaffected) hemisphere and increased it in the contralateral (affected) hemisphere. Finally, the increase in the activity in the affected hemisphere can improve motor function not only by enhancing the activity of the remaining neurons in M1, but also by unmasking local and distant latent neural networks as suggested by Takeuchi et al. 3 However, we believe that motor function improvement was associated predominantly with primary motor cortex activity modulation because the simple motor tasks such as the simple and choice reaction time showed more stable results compared with the Jebsen-Taylor task. One important result from the present investigation is that the effects of rTMS are cumulative and lasted for at least 2 weeks. It has been shown that the behavioral effects of rTMS treatment depend on the number of rTMS sessions, 7 and we speculate that one potential mechanism to explain this cumulative and long-lasting effect would involve a combination of direct and also behavioral-driving plastic changes similarly to the effects of constraint-induced therapy (CIT). Given that rTMS decreases the neural activity of the unaffected hemisphere, this treatment might be considered a form of "central" CIT. It has been shown that if a restriction of the intact limb through CIT is maintained for 1 to 2 weeks, it can lead to a permanent change in the ability to the use of the paretic forelimb. Therefore, daily inhibition of the affected hemisphere for 5 consecutive days might mimic the effects of a prolonged course of CIT and induce similar plastic changes. Indeed, repeated consecutive rTMS sessions over M1 leads to cumulative changes in cortical excitability. 14 We speculate that the motor function benefit during the stimulation period might have increased the use of the paretic limb overcoming the "learned nonuse" of the limb. This behavioral effect, similarly to CIT (that can last up to 2 years), can be longlasting. Indeed, the increase in the motor threshold in the affected hemisphere can be a result of the increase in the use of the paretic limb and might be similar to the effects of CIT on the cortical excitability of the affected hemisphere. 15 This increase in the local excitability might represent an increase in the synaptic efficacy and also be associated with the "resurgence" of some areas that are downregulated as a result of the stroke. This putative mechanism leads us to hypothesize that the combination of this therapy with motor training might further enhance motor recovery.
This study has some limitations that should be entertained. First, for the corticospinal excitability measurement, we only measured the motor threshold, and, thus, other parameters of corticospinal excitability such as motor evoked potentials and silent period were not assessed. In addition, although we decided not to measure the motor threshold daily in the affected hemisphere (as explained in the "Methods" section), we acknowledge that further studies should explore in details cortical excitability changes in both hemispheres during several time points and using other methods of assessment such as paired-pulse technique. Second, a methodological problem of rTMS studies is the sham method. For instance, an ideal sham coil should produce the same scalp sensation (stimulation of the superficial nerves and muscles). Because sham stimulation does not result in muscle twitch, a patient might feel the difference between the active and sham coil. Given that all our patients were naive to rTMS, it is unlikely that this might have unblinded the rTMS treatment. Third, this study might have a decreased external validity because most of our patients had subcortical and left-sided strokes. This fact encourages future studies to investigate other stroke populations with different demographic and clinical characteristics.
